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ABSTRACT 


Samples of zinc oxide doped with indium have been prepared 
using the vapor transport method. Concentration of dopant is 
controlled by appropriate mixing cf the oxides of indium and 
са гав 

When ZnO is mechanically damaged, three lines in the EPR 
spectrum with g-values at 2.0052, 2.0136, 2.0184 are induced. 
These are attributed to the interaction of adsorbed species 
and induced paramagnetic centers in the crystal. The rela- 
tive intensity of the lines is affected by indium doping. 

Spin density measurements using first moment calculations 
(M*) on ZnO-In did not show a linear correlation with con- 
centration. This is attributed to spin pairing of the elec- 
trons. The g-value for ZnO-In varied depending on 
concentration from 1.9563 to 1.9591, and was found to be 
independent of temperature and pressure. 

Based on the pena oe Or Mel and ti for па сореа до ше 
electrons giving rise to the EPR spectrum were thought to 


be in a shallow donor band. 
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INTRODUCTION 


The electron paramagnetic resonance (EPR) character- 
istics of zinc oxide have been of interest to many investi- 
gators for a number of years. Of particular concern is the 
physical and chemical nature of surface species adsorbed on 
polycrystalline ZnO in catalyzed gaseous reactions, the 
effect of impurity doping on the semiconducting properties 
БН ПО, UV land X-ray sadiation effects on stability of* ZnO 
when used in thermal coatings, and the luminescent properties 
of ZnO with impurity doping. 

In the majority of these studies ZnO has exhibited EPR 
lines in the vicinity of the free electron @ g=2.002 and 
others @ g=1.96. The nature of these lines has been char- 
acterized but their origin is not completely understood. 

The aim of this study is to further characterize the 
nature of the EPR line @ g=1.96 and to present a model which 
explains the origin of the signal observed. 

ZnO is an intrinsic semiconductor with a band gap of 
3.2eV [1]. Donor or acceptor doping of ZnO is expected to 
change its conductivity and hence its EPR signal. Since 
even small amounts of acceptor doping with, for example, Li" 
reduces the ZnO EPR spectral lines below the detection limit 
[2] it was decided to use the donor indium as a doping agent. 
It was hoped that a correlation could be found between the 
level of doping and the EPR measured spin density of intensity 


Gf the linet с=1.96, 





Throughout the study of ZnO, polycrystalline doped and 
undoped samples were used with varying conditions: of temp- 
erature, vacuum, and doping level. Samples were prepared 
by two methods: (1) sintering of a mixture of ZnO and In,0, 
and (2) vapor phase growth of small crystals from similar 
mixtures which had been fashioned into cylinders for use in 
a tubular furnace. These will be described in the experi- 
mental section. 

A general historical review of pertinent past research 
efforts will provide a background for evaluating the obser- 


vations of thils work. 





FIS TOREPC APT TEEVILIEW 


This historical review starts with the work of D. G. 
Thomas [3], which provided some of the fundamental obser- 
vations on which later investigators draw. "Thomas made a 
study of single crystal zinc oxide doped with indium as a 
Gonor impurity. Single crystals of the zinc oxide were 
prepared by vapor transport techniques, doped by painting 
the crystals with indium nitrate, and fired at temperatures 
OM COU WSOC. Conductivity, electron mobilities, and thé 
rate of diffusion of indium into zinc oxide were determined. 

The highest conductivity in these doped ZnO crystals 
was found to occur when the crystals had a faint blue/green 
color. The color was ascribed to the effect of free carrier 
absorption at the end of the visible spectrum. It was also 
found that after a certain period of time, depending upon 
the firing temperature and oxygen partial pressure, equili- 
brium with dissolved and precipitated Himdium іп che®2rne 
oxide crystal could be obtained, and depending upon sub- 
sequent eee conte (i.e., quenching or annealing), super- 
saturation with indium could result. Since indium must be 
considered a donor impurity, the conductivity of zinc oxide 
should be increased by the amount of unprecipitated indium 
in the crystal. 

Thomas [3] makes the assumption that the conductivity 


1S proportional to the average concentration of unprecipitated 
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алалап the crystal Ву БИН косата the limit of solubil- 
ity of indium he found that diffusion rates of indium into 
the crystal depended on the oxygen partial pressure with 
the diffusion rate increasing as the partial pressure was 
increased. In addition, conductivity was seen to depend 
upon the oxygen partial pressure. The kinetics of these 
changes of conductivity with oxygen partial pressure were 
not analyzed in detail but the changes were time dependent 
and were comparable to the time necessary for initial pre- 
cipitation of indium once saturation had been reached. This 
relationship may be explained by reaction 

(Inj04,)surface — —- 2In, + +20 *2e £50, 
(where only deviations from the normal lattice point charge 
15 indicated by the subscripts) in which it is assumed that 
for each interstitial indium, one free electron is obtained. 
With this in mind, and in applying the law of mass action to 
the above equation, the conductivity is inversely proportion- 
al to the eighth root of the oxygen partial pressure. 

Thomas [3] also investigated the effect of additional 
zinc doping in the indium doped zinc oxide. Zn" should act 
аз ап acceptor and thus reduce the number of free electrons 
available from the indium doping, thereby decreasing the 
crystal conductivity. This relationship was observed. 

Whereas Thomas [3] did not use EPR in any part of his 
study, Walters et al [4] found it to be particularly suited 
to the study of induced paramagnetic centers in mechanically 


damaged Group IV semiconductors and Group II-VI compounds. 
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The technique may be used to determine if such defect сеп- 
ters are present and to what degree the surface of these 
materials may have been damaged. The damage process did 
not involve any impurities that may be present in the start- 
ing material and it was apparent that the centers were due 
to the damaging treatment. These conclusions were corrob- 
orated by additional studies of neutron induced radiation 
damage which resulted in similar paramagnetic resonance 
centers. When mechanically damaged, materials in the above 
groups showed resonance lines with g-values in the neighbor- 
hood of 2. Silicon and magnesium oxide were primarily in- 
vestigated. Zinc oxide was among the compounds cursorily 
investigated and was found to produce a resonance line at g=2. 
Kokes [5] investigated the behavior ot the iine g-1.96 
under varying vacuum/heat pretreatments of zinc oxide cata- 
lysts and found that depending on the conditions, two in- 
dependent oxygen species may be adsorbed on the catalyst 
surface. The investigation was conducted using acceptor and 
donor doped zinc oxide guum а. Јата о CIT Gallium = 
doped zinc oxide at room temperature and atmospheric pressure 
showed only a very weak resonance line at g=1.96 but the 
intensity of the doped samples was markedly stronger.  Kokes 
[5] showed that these changes are due to the doping and are 
the result of the added ions. According to his results, 


...if the catalyst is treated in a manner known 
to increase its conductivity (irradiated at 
~195°C, evacuated, doped with gallium, aluminum, 
or adsorbed hydrogen at 210°C) the signal at 
g-1.96 increases; if it is treated in a manner 
known to decrease its conductivity (calcinated 


ТЕЙ 





at high temperature, or doped with lithium) the 
signal decreases.". 


Other data show that when the evacuated catalyst is exposed 
to air (which decreases the conductivity) the signal de- 
creases. Kokes thus concluded that the resonance line at 
g=1.96 is due to conduction electrons. | 

In these experiments Kokes [5] also added varying amounts 
of oxygen (at room temperature) on previously degassed (at 
high temperature) zinc oxide, and subsequent evacuation did 
not restore the resonance line to its full intensity. As 
a consequence, a large percentage of the oxygen adsorbed at 
room temperature was strongly held and it is this species 
which decreases the signal. In reference to earlier work by 
other researchers, Kokes [5] postulated that two oxygen 
species were involved; the 0 ion mainly responsible for 
decrease of the signal at room temperature and to a lesser 
extent the 047 iol at high temperature. This#in turn con- 
tributed to the decrease in conductivity of ZnO. The high 
temperature adsorption occurred at 400°C and above. 

Kokes [5] computed the spin density from the observed 
resonance line using a first moment calculation with 
CuSO, ° SHO as a comparison standard. Since he stated 

"The electron spin resonance signal has been 

shown to reflect changes in the number of 

free electrons.", 
he concluded 

ша еле сап be little doubt that the signal 


observed for zinc oxide at g=1.96 is due to 
un-ionized donors and/or conduction electrons." 
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and further, although it cannot 5s ruled out that gthes sagnal 
is due to un-ionized donors, 

ша епейаск общ5р 11 ЕЕлпо duegto nuclear spin of 

gallium and aluminum for the doped samples 
together with the increase in the signal during 
ultraviolet irradiation of undoped samples are 
consistent with the interpretation that the 
signal is due to conduction electrons.". 

He also showed the the >> species contributed far less 
than the 0 species to the number of free electrons avail- 
able and, therefore, the adsorbed species responsible for 
the decrease in the electron RE s resonance signal 
at room temperature is 0 . 

Electron paramagnetic resonance lines in Group II-VI 
Semiconductors and phosphors with impurity doping have g- 
values smaller than those for free electrons and show no 
hyperfine structure. Müller and Schneider [1] attributed 
these signals to mobile electrons in the conduction band or 
shallow donor bands. The wave functions of the electrons 
in Group II-VI compounds are essentially s-character and this 
holds tor both conduction band and donor band electrons. It 
is reasoned that as the dopant concentration of donor impur- 
ities increases the indium donor band wave functions mix 
with the zinc oxide conduction band wave functions. At some 
lower concentration the onset of the overlap of donor wave 
што ис оу ес rise cEoxsneEdonor band. —It was estimated 
for zinc oxide that donor band and conduction band overlap 
occurs at concentrations of Sale ES c In 
order to verify the onset of a donor band it would be necessary 


to obtain zinc oxide in a purity such that donor concentration 
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would be less than 1017 ed It @s™statead that below the 


level of C, (concentration at which wave function overlap 


d 
begins to occur) the EPR resonance line would show hyperfine 
structure but that above this concentration only a single 

line will be observed. Muller et al [1] observed in indium 
doped single crystals of zinc oxide, donor concentration on 
the order of КОТО ст 3 with a g-value equal to 1.96. This 
same line has been observed in undoped samples but at much 
reduced intensity. 

Irradiation by ultraviolet light would increase the in- 
tensity, exciting electrons from the valence into the conduct- 
ion band. The lack of hyperfine structure was attributed to 
the electrons being in the conduction band, but in the picture 
or donor band end conduction band wavesgfunction overlap, it 
would not be required to have hyperfine structure even though 
the electrons were not in the conduction band itself. It was 
also postulated that the donor electron g-value is slightly 
higher than those of electrons in the conduction band. To 
some extent, g-values were dependent upon a particular dopant, 
the properties of the lattice, and treatment given during 
preparation. Therefore, with regard to the relative g-values 
and line widths, according to the Elliott (referenced therein) 
relaxation mechanism, the 

"e. T] of the carrier electron spin resonance is, 

for identical g-values proportional to the mobil- 
ities which are higher in the conduction than in 
спе аеорог бапа: ... >. 
= вхрес ес щш Ле совацсЕлоп Бапа electron spin сеѕор= 


әпсе Шіе (ісіп would be harrowex than for donor band electrons 
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and the g-value of conduction electrons slightly larger than 
the g-value of donor electrons. 

“Kasai [6] observed two lines at g=1.956 of which the 
higher g-value was attributed to halogen ions and the lower 
to oxygen vacancies. In these experiments Kasai prepared 
samples in which zinc oxide was doped with various concen- 
trations of NaCl where behavior of the line at g=1.960, which 
he attributed to a halogen donor, was observed at various 
concentrations, spectrometer power levels, and temperatures. 
Since these Signals (1.e., oxygen vacancies and substitutional 
halogen ions) occurred very close to each other it was rea- 
soned that overlap of these signals could readily cause 
scattering of g-values in the region of g=1.96. 

Rauber and Schneider [7] studied the effect of substitut- 
ional š in zinc sulphide and observed strong hyperfine 
interaction with the nuclear spin of the impurity centers. 

The indium occupied substitutional zinc sites and the impurity 
centers were assumed to be In’ and th ди both of which аге 
diamagnetic. In addition to indium, both aluminum and gallium 
were incorporated in ЕЕ samples as donors. A compar- 
ison of the aluminum and indium doped samples revealed that 
whereas indium showed hyperfine structure in 2nS, none could 
be seen in the aluminum doped samples. The difference in 
behavior of aluminum and indium may be due to the fact that 
stable aluminum occurs only in the trivalent state whereas 
indium occurs as jg and IE Under these conditions, 


indium may also occur as charge compensated ion pairs. If an 
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unpaired electron were localized in the vicinity of this ion 
pair, hyperfine structure would be reasonable. Rauber et al 
[4] found IE Surprising, however, that in zinc oxide doped 
with indium only a single isotropic line vas seen. This 
observation was attributed to an ESR line characteristic of 
mobile electrons. 

Lunsford and Jayne [8] studied the interaction of oxygen 
with zinc oxide. In their experiments ZnO was degassed and 


then (at room temperature) exposed to 0. from pressures of 


2 
0.5u to 20u. EPR spectra were obtained at -190°C. All spec- 


tra showed a characteristic triplet with g. 2.051, С eO 


and а, 72.0082. The adsorbed species on this degassed ZnO 


could be 0., Qu. СЕА 0., ог а регоху group. It was concluded 


that adsorption at low temperatures occurred as the 0 


2 


(in contrast to Kokes [5] and, since at higher temperatures 


Species 


free electrons are more available according to the reaction 
О реј G —, 9224.2. 16V; 

the O species was adsorbed. Regardless of the assignments, 

oxygen adsorbs as a species with an unpaired electron and 

the net result is D of an electron from the solid to 

the oxygen molecule. 

In a brief study of polycrystalline and single crystal 
ZnO, under conditions of UV irradiation, Lal et al [9] re- 
ported a signal at g=1.95392 attributed to electrons trapped 
at oxygen vacancies (F center). Had the signal been due to 

67 


E : 2 
¿n detectable hyperfine satellites of Zn (I=5/2 with а 


natural abundance of 4.1%) should be observed, but, since 
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only a single line was found, the resonance was not attri- 
buted to this species. 

Sancier [10] studied Zinc oxide and its influence as a 
catalyst in the oxidation of carbon monoxide. In polycryst- 
alline samples of zinc oxide, which had been degassed at high 
temperatures and still under vacuum, he observed the usual 
line @ g=1.96. When the degassed sample was treated with 
small amounts of 0, the intensity of the line decreased but 
subsequent reaction with CO caused the intensity of the line 
to be partially restored. Line broadening also occurred. 
This was attributed to an increase in concentration of elec- 
trons in the bulk ZnO after reaction. The conclusion was 
that increase in intensity was due to the reaction: 

ONT СО ----- со, te (to conduction band). 

The reaction of CO being oxidized to CO, over ZnO occur- 
red rapidly and in Sancier's work it was shown that the in- 
tensity of the signal at g-1.96 increased to some steady 
state value in time. This steady state value of signal in- 
tensity was correlated with a measured amount of presorbed 
Оф: "Thus, the spin density іп 700 corresponded to the total 
amount of де reacted and hence the number of electrons trans- 
ferred from O species to the bulk ZnO. In addition to the 
line @ g=1.96 a line @ g=2.01 was also observed for incom- 
pletely outgassed ZnO. Upon reaction of CO with the surface 
adsorbed oxygen, the behavior of this line differed from that 
at g-1.96. In particular, the rate of change of intensity 


of the line @g=2.01 was significantly slower than for the 
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line@ g=1.96 requiring that the mechanism for the CO reaction 
on the ZnO surface proceeded by two different paths. Noting 
that the reaction of CO on completely outgassed ZnO produces 
no change in the ZnO spectrum but ne oxygen is presorbed 

plo xcackionooft CO to со, does, different oxygen species 

must account for the two different lines. Based on an earlier 
study [8] it was postulated that the slower reacting species 
was O, and the faster reacting was O . The former may or may 
not involve electron transfer to the bulk ZnO. 

In a similar study [11] the behavior of ZnO as a catalyst 
used for the reduction of nitric oxide to nitrogen in air 
pollution control was investigated. The surface interaction 
EXEDnitric .oxidecon zinc desee was shown to produce the de- 
Sired reduction and in this study by Lunsford [11] two spec- 
эша were classified with g-values for adsorbed 


NO E ad eee and 9,,=1.94) and EOF мо“, (9. #9. = 


les NO and NO 
хх "yy 
0057, а, = 2. 0026). 

Codell et al [12] studied the adsorption of t-butyl 
hydroperoxide (TBHP) on outgassed ZnO. After outgassing at 
500°C, two signals @ g=1.965 and 1.961 appeared. For both 
to occur outgassing above 350°C was required. Outgassed ZnO 


at 500°C treated with oxygen at room temperature and re-out- 


2 


The signal which appeared in the neighborhood of g=1.96 was 


gassed, showed the typical spectrum of O, at g=2.005 [8]. 
somewhat modified by line broadening. Under various pre- 
treatments of ZnO (i.e., outgassing temperature, presorption 
Oxygen treatment, etc.) the signal at g=L.96 could be re- 


solved into two distinct signals. These signals at g-1.961 
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and 1.965 behaved independent of each other and at high 
temperature pretreatment the signal at g=1.965 decreased, at 
lower temperatures the signal at 1.961 decreased. These 
observations led to the assignment of the g=1.965 line to 
Zn: and g-1.961 to O. This assignment was justified by 
noting that according to Thomas [3] most interstitial zinc 
is removed at 500°С with the reaction being 

gn’ + O (from TBHP)———» zn“* + 07, 
and decrease of the 1.961 line according to the reaction 

от не 50. 

Tyengar et al [13] extensively studied the interaction 
of oxygen, various nitrogen oxides, and chlorine on Zinc 
oxide. As in previous studies, 2nO outgassed at 500°C pro- 
duced a strong g=1.96 line and a very weak line at g=2.003. 
Subsequent treatment with oxygen produced a weak 1.96 line 
and the line at g=2.003 became a triplet. Upon heating under 
vacuum, the original signal intensities were restored. Addi- 
tion of excess oxygen broadened the triplet @ g=2.003 and 
with even more oxygen, eliminated it. The triplet was as- 
Signed to O, 1 ons, воттщестой тр петситЕасе, 

Sancier [10] had suggested that this triplet may have 


2 
sorption. However, Iyengar et al [13] established that this 


possibly been due to a complex process of CO, or H,O ab- 


triplet must be caused by a single species. For example, if 


2 


to O (i.e., two species), by increasing the temperature of 


the triplet € g=2.003 were due partially to O, and partially 


the sample, the triplet would become a singlet. However, 
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this did not occur - the triplet simply disappeared at 
ош 350°C. 


When ZnO was treated with NO the line at g=1.96 de- 


2, 
creased and a sharp symmetrical signal at g=2.0015 appeared. 
However, this signal was not observed above -130?C and when 
excess NO, was removed, a complex spectrum, somewhat diffi- 
cult to reproduce, resulted. This signal (g=2.0015) was 
attributed to adsorbed NO, molecules on ZnO. The spectrum 


resulting from outgassing showed both g and hyperfine aniso- 


tropy to be present where deem c, and g,, were Spit into 


У 
three lines due to interaction with the N nucleus (I=1/2). 


This assignment was further confirmed with ща 


enriched КО >. 
Notesthatino electron transfer 1s involved, 


Treatment with N.O resulted in a spectrum with g=1.957 


2 
and g=1.961. Heating and removal of excess N.O (and possible 
reaction products) resulted in a single line with g-2.0015. 
Adsorption of NO on ZnO resulted in a symmetric triplet 
centered at g-2.000 and a shoulder at g=2.003. The behavior 


SÎ CO. adsorbed on ZnO wag similar to that of NO. in that 


2 2 
the g=1.96 line intensity decreased and a Signal at g=2.0015 
appeared. | 

Iyengar et al [13] considered the signals at g-1.957 and 
gzl.961 to be identical to the signals found by Codell [12] 
for TBHP adsorbed on ZnO and any discrepancies noted to be 
due to experimental error. The signals were not attributed 


to any particular species adsorbed from the gas phase, but 


were considered to be due, as suggested by Codell [12], to 
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the interaction of the adsorbed species with Zn" sites and 
electrons trapped in anionic vacancies: 

МО + Zn yg 1,0 + “+, 
апа 


eon M inco) SS но, 


2 
where the electrons are removed from the ZnO to the adsorbed 
species thus reducing the intensity of the signal at g=1.96. 
Observation of the decrease in intensity of the line 
@ g=1.96 upon О, adsorption on outgassed ZnO led Setaka et 
al [14] to postulate that conductivity could be related to 
the change in the EPR spectrometer cavity Q. Since the ad- 
sorption of O, was thought to involve an electron transfer 


from the bulk ZnO to the sorbed О the concentration of 


2! 
electrons in the conduction band or shallov donor band must 
decrease. This concept was further supported by the increase 
in intensity of the line @ g=2.0 which is attributed to the 
adsorbed species. Thus, if electrons are transferred to the 
sorbed species the electron density in the ZnO must decrease, 
causing a significant change in ZnO conductivity which, in 
turn, must effect the cavity Q. Using мис“ as a standard by 
which to qualitatively observe changes in Q, and measurement 
of spectrometer crystal current for quantitative values, 
Setaka et al [14] obtained, under varying O, pressure con- 
Ses e moment electron density values. 

These electrons were considered to be conduction electrons 


rather than donor state electrons because the observed densi- 


ties were an order of magnitude greater than would be 
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expected if the maximum ое © dissolved zinc in 
ZnO [3] were obtained. It is clear here that donor elec- 
trons are considered to be due only to dissolved zinc. The 
theory presented provided a direct relationship between EPR 
Signal intensity, spectrometer crystal current, conduction 
band electrons, and, hence, sample conductivity. In parti- 
cular, it provided a measurement of available electrons for 
catalysis which occurs by electron transfer from the bulk 
catalyst to the reacting species. 

Elucidation of two Signals @ g=1.96 by doping of ZnO 
with md Or m was further studied by Setaka et al [2]. 
The intent was to control the electron concentration with 


pu All spectra were 


either the acceptor Lil or the donor Al 
obtained at -195°C. Doping was accomplished by slurrying 

ZnO with aluminum and lithium nitrate (there was no observ- 
able anion effect) and heating at 500°-700°C. Pretreatment 


with O, on vacuum outgassed ZnO resulted in decreased in- 


2 
tensity of the line @ g=1.96 and the signal shape was not 
effected. At LN, temperatures this one line was resolved 
into ‘two at g=1.963 and g=1.957. With additional O, pre- 
treatment the intensity of the former decreased, the latter 
remained the same. Furthermore, exposure of ZnO to H,O 
vapor, which is known to increase its conductivity [5], 
caused the line g=1.957 intensity to increase. Based on 
these observations, the line g=1.957 was attributed to con- 
duction electrons in the bulk ZnO. 


On the other hand, adsorption of о, decreased the ZnO 


conductivity and did not effect g=1.957. Donor doping mae) 
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increased the 1.957 intensity while acceptor doping i) 
caused it to vanish. Setaka et al [2] conclude that elec- 
trons in the bulk ANO are expected to be either in the con- 
duction band or at localized donor states (i.e., interstitial 
Zn' or trapped at oxygen ion vacancies). Finally, the be- 
havior of a line at g-2.0013 was opposite to that of the 

line at g=1.957, the former being attributed to possible 
holes in acceptor levels. 

Iron cyanide provides efficient electron hole recombin- 
ation centers [15] and when adsorbed on ZnO under vacuum 
conditions, produced a doublet in the ESR spectrum at 
91=1.9600 апа g471.9564. Under UV irradiation the line 92 
increased significantly and on subsequent exposure to O^ 
with the UV turned off, decreased irreversibly. gi did not 
appear to be effected by such treatment. When the iron 
cyanide concentration was high and the O, pressure low, the 
two lines could not be resolved but, evidence of their 
existence was seen by slight shift ing when the sample was 
exposed to various low O, pressure conditions. These obser- 
vations led Sancier [15] to suggest that both components are 
due to conduction electrons and the difference in g-value 
due to some electrons being in the vicinity of precipitated 
excess zinc and others being unperturbed conduction electrons. 
g, Was assigned to the former condition and g, to the latter. 
The decrease in line intensity upon exposure to O» is caused 
by the removal of electrons from the conduction band by the 


adsorbed species. 
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"The remaining spin density is associated with 
electrons beyond the surface space charge 
region in the normal conduction band (92) апа 
those interacting with localized excess zinc 
a Ји 


In an investigation of photoinduced processes in zinc 
oxide [16], a single EPR signal was observed with a g-value 
ofe@ g=l.96. In the opinion of the authors, 

"...the EPR signal is not a result of free 

electrons but ‘supports the localized model 

of a paramagnetic centre that can act as 

trapping centres. The EPR intensity is given 

as well by the number of oxygen vacancies as 

by the presence and cross-sections of other 

trapping centres.", 
these being strongly influenced by the method of preparation. 
In this study, the activation energy of photosensitive cen- 
ters was computed (2,=0.52%0.02) which is somewhat in agree- 
ment with a similar study [17]. 

In a number of previous studies it had often been com- 
mented that the exact nature of the EPR spectrum of ZnO de- 
pended on the preparation methods of the sample. With this 
in mind, Gerasimova et al [18] studied the dependence of the 
EPR signal on various preparation methods of zinc oxide. In 
general the ratio techniques aimed at producing zinc 
rich ZnO, zinc poor ZnO under vacuum and in air, and acceptor 
and donor doped ZnO samples. Two lines were observed which 
rarely occurred simultaneously and the line width was either 
5 or 9 С. Those lines with AH=9G had g-values of 1.957 and 
1.961, and were attributed to unpaired electrons from donor 


levels arising from oxygen vacancies and excess zinc, re- 


spectively. The line with AH=5G at g=1.957 was due to the 
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formation of narrow donor bands. Оши doped ZnO did not 
show direct proportionality in intensity with percent dopant. 

IE cub anothesgspudy ongtheBbehavior oíg$g zinc oxide? with 
adsorbed oxygen, Tanaka et al [19] propose two types of ad- 
sorbed oxygen species.  Desorption of high temperature pre- 
outgassed zinc oxide exposed to 8 cm Hg of O, pressure 
resulted in two peaks in gas chromatographic analysis. А 
high temperature peak was attributed to O and the low temp- 
erature peak to 05. The GC spectrum was obtained by re- 
evacuating ZnO after an O, treatment and running a temperature 
programmed desorption while sampling the desorbed products 
at specified temperature intervals. These were then analyzed 
on a gas chromatograph. Reactivity of the desorbed species 
was determined by the passage of a CO puise over the sampie 
and it was observed that the high temperature peak attributed 
ES C6 Яісасрсанса completely on subsequent GC analysis. De- 
pending on the manner in which adsorption of oxygen was 
allowed to occur, the peaks could be made to change in re- 
lative intensity. The high temperature peak disappearance 
after CO pulse passage was attributed to the reaction 

CO + 0 ——— со, + е (to Zn0). 

The EPR spectrum, as in so many of the previous studies, 
showed a line @ g=1.96 with a much less intense line @ g=2.002. 
These signals were observed after ZnO had been outgassed and 
annealed, however, under O, pressure, as before, the signals 


2 


were not found even at LN, temperature. The signal from the 


outgassed, annealed ZnO was attributed to either electrons 


nemo r chiffon band os interstitial zinc. 
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Exposure of ZnO to O, reduced! the conductivity and the 
Original alne о Conductivity could not begrestored until 
the sample was reoutgassed above EUOCC OE UNcECOnductivits 
of ZnO was related to the 0, species which is not readily 
desorbed unless the temperature exceeds 295°C and such as- 
signment of O to the high temperature peak was based on 
the peak's behavior when the ZnO sample was exposed to CO. 

To further verify this, another ZnO sample was pretreated 
with N.O. When a pulse of CO was reacted with either N.O 
(35 O» presorbed on ZnO below 200°C, the reaction rates were 
the same showing first order kinetics in CO and zero order 
in O, or N5O. 

"Furthermore, the simultaneous competitive reaction 

SE CO wrth OS and NSO the reaction of CO with N20 
1s strongly HR by 09, while the over-all 
carbon dioxide formation rate is the same as that 
observed in the separate oxidations of CO with Oo 
ог ВО." 
Such results suggest a common intermediate for both reactions 
CO + 0, —— Co,, 
СО + N40 — М, + СО, 
which would reasonably be O [19]. 

In a study of temperature dependence of the resonance 
signal of ZnO, Sancier [20] found that the number of reson- 
ance centers increased with temperature, such centers being 
due either to ionized donors or conduction electrons. The 


+ | ЕТ 
donors were considered to be Zn or singly ionized oxygen 


lon vacancies. 
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"At temperatures where donor lonization becomes 

Significant, the resonance is due mainly to 

conduction band electrons and to excess zinc 

precipitated at defects." 
Om Sagnitwcamce in (this®study CS that the intensity of the 
signal @ g=1.96 was obtained such that the Q change of the 
spectrometer cavity was taken into account with changes in 
ZnO conductivity as the resonance centers increased. 

In the most recent investigation of induced defects in 
ZnO by UV irradiation [17], a particularly noteworthy obser- 
vation is made.  ZnO, under UV irradiation, did not appear 
to change the cavity Q and did not effect the conductivity 
of the ZnO sample. Yet, under such irradiation, the signal 
intensity of the line 8 g-1.96 increased markedly. If elec- 
trons under UV irradiation are promoted to the conduction 
band, the zinc oxide conductivity should increase and thus 
effect cavity 0. 

"The failure to observe a decrease in cavity 

O-factor resulting from irradiation indicates 

that the resonance signal is not due to con- 

duction electrons but is due to electrons at 

the donori leyli 

In. summary, the EPR line for ZnO at g=1.96 has been 
variously attributed to zn" ions, oxygen ion vacancies, 
trapped electrons at oxygen vacancies, and conduction elec- 
trons in the bulk ZnO. EPR lines at g=2.01 have been attri- 
= О, апа om 


The EPR signals were strongly dependent on the method of pre- 


buted mainly to adsorbed species such as O 


paration and pretreatment conditions. Appendix A gives a 
compilation of the zinc oxide EPR signals observed for the 
various experimental conditions of sample preparation, pre- 


treatment, and substitutional ions. 
27 





EXPERIMENTAL 


A. SAMPLE PREPARATION 
Two methods of preparation were used for samples of in- 
dium doped ZnO. In both procedures quantities of Baker 


reagent grade ZnO were thoroughly mixed with Тп 0 (indium 


3 


sesquioxide) in proportions to obtain the following mole 


percent indium in Zno: 


ie ©) mole % Ча ап ZnO 
0,3 mole % In in ZnO 
О mole % In in ZnO 
0.05 mole % In in ZnO 
O. 01 mole % In ih ZnO 
0.005 mole % Іп in ZnO 


Indium sesquioxide was prepared from the metal by firing 
Шаға Crucible until ignited. This partially oxidized mater- 
ial was then placed in a furnace for 72 hours at 1100°C to 
complete the oxidation process. 

In the first method, a small quantity of the 1 mole per- 
cent In404-ZnO mixture was pressed at 6000 lbs. in a 0.25 
inch diameter iron dye into a pellet and sintered in a fur- 
mE E ВОО CU tor Various епа ебе Өш іште ӘЕОт 2 го 28 hours. 
These pellets were then broken up and ground to a powder in 
an agate mortar for EPR measurement. 

In the second method, samples of all the listed percent- 
ages Of indium in ZnO were prepared by vapor transport. This 
method of crystal growth has been described in the literature 
[21, 22, 23]. The furnace used was a Lindberg HEVIDUTY type 
94258 tubular furnace configured with a four foot mullite 


28 





tube with an inside diameter of 1.5 inches. The furnace 
temperature was controlled with a Lindberg type 59545 con- 
troller which regulated the temperature within %29С, Тһе 
temperature on the inside of the mullite tube was 20°C below 
the controller setting when set in the range from 900°C to 
1300°C. There was no temperature gradient over the distance 
between the Starting material cylinder and the doped crystal 
deposit site. 

About 100 grams of the oxide mixture was made into a 
cylinder and sintered for 4 hours @ 900°C. This cylinder was 
then placed in the furnace. The furnace temperature was re- 
gulated at 1100°C and the mullite tube was stoppered at one 
end with a Teflon stopper wrapped in asbestos. Two quartz 
tubes through the Teflon stopper carried the reacting gasses. 
The cylinder of mixed oxides was placed about 18 inches from 
the end of the mullite tube, downstream of the point where 
H, entered. Іп this way the oxide cylinder was well bathed 
with Но, which reduced the oxides to metal vapor. The vapor 
was then carried down the furnace tube to the point where 
0, eouldrreozidize the vapors, Ay second cylinder of pure 
ZnO was provided as a growth site for the crystals of ZnO-In. 
This was placed about 4 inches away from the first (figure 1). 
A one-to-one ratio of H,O, was used and N, was provided in 
eroerstesvarv LOtLal Том rateXfigureg2) After about 5 
minutes of growth, the large ZnO cylinder with the ZnO-In 


crystals was withdrawn from the furnace and allowed to cool 


in air to room temperature. Some crystal growth also occurred 
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(ил -пеженас соке пе Of tuberwhich was alsoswissharawn from the 


2 


furnace to cool at room temperature. Good crystal growth rate 


was obtained with the following gas flow rates: 


х * * 
Temp ?C Но? N, O, N, 
1100 0.45 2.0 TS -- 
1150 1.00 1.00 тео 0.5 


* Flow rates are in cubic feet per hour (СЕН). 
1 СЕН - 7.865 ml/sec. 


Both these conditions produced crystals of about 1 іо 2 mm 
mo length wti ameter от 0.1 to 0 2 mm Thefceystals 
were not uniform and the growth habit was dependent on the 
doping percentage. In general the crystal shape was as 
shown in figure 3. The higher the percentage of indiun, 
the shorter and less 
uniform were the 
ervetals, both іп 
Болок Шапа отп At 
low percentages of 


ВАО СООО то Ге 





Бо семе сто 


tals were light 


Indium Doped ZnO Crystal 
blue with increas- Prgur ces: 


ing hue as the doping level increased. At the higher per- 
centages the crystals were motley with dark blue, light blue 
and yellow-green areas throughout. In contrast, samples 
prepared by the first method (1.0 to 0.05 mole % In) in 
pellet form varied only in hue from light to dark yellowish- 


green depending on the length of time sintered. 
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In addition to vapor grown doped samples, undoped vapor 
grown ZnO was prepared using various ratios of Нот, їп 
order to produce ZnO in an oxygen rich and oxygen poor 
condition: 

The samples prepared as described above were from re- 
agent grade ZnO containing small but Significant amounts of 
impurities, both donors and acceptors. To obtain higher 
purity ZnO, some pellets were made from 99.99 percent @n. 
The metal was ignited in air to complete oxidation and sub- 


sequently mixed with In.O Pellets of this material were 


в). 
made in the same way and subsequent treatment was the same 


as for the reagent grade materials. 


B. INSTRUMENTAL ANALYSIS 

Light absorption measurements in the infra-red were 
carried out using a Perkin-Elmer grating infra-red spectro- 
meter, Model 337, with a tungsten light source and photo- 
multiplier detector, and in the UV and visible portions of 
the” sSpectrumsasBeckman DK-1A dual beam grating. spectrophoto- 
meter with a hydrogen or tungsten light source as appropriate 
and PbS or photomultiplier detector. The wave length range 
scanned on the Beckman instrument was from 0.184 to 4.08 T 
EM (Ee PerKIN Elmer Irom 295 tO 250: 

Determination of indium in vapor grown ZnO was made by 
using a Perkin-Elmer, Model 303, dual beam Atomic Absorption 
spectrometer. With an indium hollow cathode lamp (Perkin- 
Elmer 303-6034 M-1457) as a source and using an air-acetylene 


flame with a three-slot burner, the indium line at 3039A 
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proved to be the most sensitive. Spectrometer slit settings 
and gas flow rates were according to the Perkin-Elmer recom- 
mended settings (Analytical Methods for Atomic Absorption 
Spectroscopy LOI). 

A working curve was developed for indium in a high Zn, 
high chloride environment which showed good linearity up to 
25 ppm with only slight deviation from linearity up to 40 ppm 
(figure 4). All standards contained 0.0803 grams Zn per milli- 
liter in 6M HCl corresponding to quantities expected for the 
unknown samples such that the observed concentration of in- 
dium would fall in the region from 5 ppm to 25 ppm. The un- 
known samples were dissolved in 6M HCl, some of which required 
mild heating. 

The EPR measurements were carried out using a Varian, 
Model V4502, EPR spectrometer operating in the 9.4-9.6 GHz 
(X-band) range. The microwave cavity was operated in the 
ТЕ, 02 mode with a modulation frequency of 100 kHz. The mag- 
netic field was from a 9 inch it regulated to within 
+0.1 gauss. The cavity was configured with a Varian temp- 
erature controlled dewar assembly for. temperatures ranging 
BE Omg. FK 5 540°K. Temperature measurements were made with 
a calibrated copper/constantan thermocouple. 

Spin density measurement standards used were (1) freshly 


recrystallized CuSO,-5H,0 for room temperature and below, 


4 2 
end (2) Макјлал 0.1% pitch in KCl for temperatures above 300°K. 
tomparisonWoftEspuuEdencatvMorEensO,.5H2O0 with I cm of 3x107 78 


4 2 


pitch in KCl (Varian) showed agreement with the theoretical 
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number of spins within a factor of two. The weight of in- 
dium doped ZnO used was 2 to 6 milligrams. All spin density 
values reported from intensity calculations are within 1302 
and from first moment calculations within +10%. The g-value 
accuracy is +0.0002 unless otherwise indicated. 

The apparatus used when the samples were under vacuum is 
shown in figure 5. Pressure measurements at the ion gauge 


© morr to 3X10 / Torr. Considering the 


ranged from 1X10 
distance of the gauge and pump from the sample tube, there 
may be one or two orders of magnitude difference in pressure 
between the gauge and the sample, therefore, a pressure of 


E Torr at the sample is assumed. 


В 





MICROWAVE 


CAVIT Y _ 
1 LN5 TRAP 
Pg "E ION 
GAUGE 
BACKFILL 
FORE 
PUMP qu b4 | 
DIFFUSION 
1 PUMP 
BALL JOINT Т 
| GLEED LINE 
O- RING 
CURE S5 


36 





RESULTS AND DISCUSSION 


/ 


А. INDIUM ANALYSIS OF VAPOR GROWN ZnO-In 

Indium doped crystals of ZnO were vapor grown, as pre- 
viously described, from mixtures containing various mole 
percent indium. As would be expected [24, 25], increased 
percent indium in the starting material yielded vapor 
grown products in which the color varies from blue to yellow/ 
green. Indium analysis results are given in Table I. 

The indium found in the samples prepared from zero per- 
cent In is due to residual amounts of indium in the furnace. 
Although after each run in which doped crystals were made 
the furnace was scrubbed with Н. for periods as long as 20- 
30 minutes, small amounts of indium remained. In addition, 
as the ZnO collector cylinder was used the blue coloration 
due to indium doping became quite noticeable, thus providing 
another source of indium. Further verification for the 
presence of In in these samples came from the EPR signal at 
g=1.96 which for reagent grade ZnO is very weak but for 
these samples was readily apparent. 

Шред аа ла Шар едт showethatethe Concentration of in- 
dium in vapor grown ZnO is, in general, of the same magni- 
tude as the concentration of indium in the starting material. 
This indicates that the vapor growth technique may be used 
to dope ZnO with doping levels being controlled by the per- 


centage of dopant used in the starting material mixture. 
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B: CICHE ABSORPTION OF 4105-1711 

According to Bogner et al [24], indium doped single crys- 
tal ZnO has a strong absorption in the far infra-red which 
with increased conductivity, moves into the near infra-red 
and visible region of the spectrum. The shift in absorption 
with increased conductivity produces a blue color in the 
crystal. In substantial agreement with this observation, 
Kasper [25], uSing polycrystalline indium doped ZnO in re- 
flectance spectroscopy, observed that with increased conduct- 


ivity a definite shift of the absorption edge toward the 


visible occurred (figure 6). At low concentrations the trans- 
mittance in the visible is Ма Блу Ае, 
g-exti* 
Де 12 £35 eni! 4 
virtually 100 percent but as E Е а ае 
10 fe 
mone concentration of indium | 
8 - Ohne Zus Q2 
9:03 I cmi' 


increases and the absorption 


edge moves closer to the UV, 





Absorptionskonstante K, 
© 





the compound appears either PAR карго 
gd e] 
2 OS IG 20 A SO 
| Watenlanae.. ft 
also found the line at g=1.95 | ~ 
| Reflectance Spectra 
in the EPR spectrum, which he aa of ZnO-In 


green or yellow. Kasper [25] O 


attributed to free electrons. Figure 6. 

For polycrystalline semiconducting materials, light absorp- 
tion due to free electrons will occur in the infra-red region, 
and in the IR-visible-UV spectra the absorbance is propor- 
tional to the number of free electrons which, in indium doped 
ZnO, increase with higher temperatures, and decrease as the 


0, partial pressure is increased [3, 25]. 
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А quantitative comparison of ИА Spectrum of 
indium doped ZnO and the EPR intensity of the line @ g=1.96 
could, in light of the preceding observations, provide a 
Simple measure of the conductivity of polycrystalline Zn0-In 
from an EPR measurement. 

In order to test this concept, two samples of vapor grown 
indium doped ZnO (0.05 mole percent and 1.0 mole percent) 
were prepared and ground to a fine powder. This powder was 
thoroughly mixed with spectral grade KBr and pressed into a 
pellet. The pellets were prepared quantitatively in a 10:1 
KBr: ZnO-In ratio. These spectra are shown in figures 7 and 
Bi 

In view of the high (1.0%) concentration used in one of 
the samples having a yellow/blue appearance, absorption 
Should be expected in the UV and visible. The absence of a 
well defined absorption must be attributed to the experi- 
mental technique where the size of the ground particles and 
the pellet formation were not well controlled. Presumably 
when "m pellet was pressed at 27,000 lbs. the KBr did not 
properly fuse around the ZnO-In crystals leaving cracks in 
the pellet. These cracks then scattered the incident light 
so severely that any quantitative measure could not be a- 
chieved. With smaller crystals (i.e., on the order of a 
micron) fusing of KBr around the particles may be achieved 
and hence transmittance spectroscopy may be possible. But, 
tnezresults of commercially prepared powdered ZnO does not 
appear to be encouraging (figure 9). 

This avenue was not pursued further. 
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C. EPR OF MECHANICALLY DAMAGED ZnO 
In order to evaluate the effect of simtering of the 


ZnO-In mixtures which had been formed into pellets, the 


273 
EPR spectrum before sintering was obtained. When an un- 
Sintered pellet was broken up and lightly ground to a powder, 
three lines @ g=2.01 in the EPR spectrum (figure 10) were 
observed. This signal was, in addition to a weak signal 

8 а-1.96, found in unstressed reagent grade and high purity 
ZnO. EPR signals in the vicinity of g-2.01 have been re- 
ported for ZnO subjected to various O, and other gas pre- 
treatment conditions, but particularly under conditions 
arising from mechanical stress [4, 15, 17, 26]. These same 
three lines were induced by grinding of reagent grade and 
high purity ZnO in an agate mortar until the white ZnO be- 
comes yellow under the stressing conditions. The intensity 
of the EPR signal was independent of the pressure applied 
when pellets were prepared at pressures above 3000 lbs. but 
was markedly less below this pressure. As long as the yellow 
color was present in.mechanically stressed ZnO, the signal 
was present. However, when a pellet was sintered @ 1100°C 
and then lightly ground to a powder, the signal was not 
detectable. Vapor grown ZnO ground to a powder also yielded 
the yellow color and gave a similar EPR spectrum. When in- 
dium doped vapor grown ZnO was treated in ene same way it 

was possible to obtain the three lines as well, but consider- 
ably more effort in grinding was required and the signal in- 


tensity was much less (figure 11). 
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авео and Golubev et al [26] щеропе that Lhe Sig 
nal in undoped mechanically stressed ZnO disappeared upon 
evacuation and heating above 375°K. In these experiments it 
was not found necessary to evacuate al sam aaa if sintered at 
1100°C in order for the signal to be undetectable but the 
three lines in the EPR spectrum did not disappear when the 
sample was evacuated to DONE MOET for 3.5 hours. 

The g-values of the three lines were 28052 №2. 01365, ата 
2.0184+0.0002 in substantial agreement with previously re- 
ported values [4, 15, 17] with the exception of those observed 
by Golubev [26], who reports the three lines about two gauss 
downfield. The behavior under vacuum and heating is, hows 
ever,substantially the same in each case. The length of time 
of heating of the sample was not reported in the referenced 
studies but the disappearance of the three lines apparently 
occurred rapidly. In this study the three lines are not de- 
tectable after heating for as little as 15 minutes, but when 
the sample was heated for a period of only 30 seconds with a 
flame estimated to raise the temperature of the sample to 
about 400°-450°K, the behavior of the FPR Signal was different. 
Under these conditions the three lines were no longer in evi- 
dence but were replaced by an isotropic singlet with a g-value 
not corresponding to any of the previously observed three 
lines. This singlet had a g=2.0109+0.0003 а сохе 2). 

Consideration of the three lines as being due to a single 
Species led to an attempt to align vapor grown ZnO needles 


and press them into a pellet. The resulting pellets did not 
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provide enough samples for either the three line damage 
signal or the signal at g=1.96 to be detectable. A similar 
attempt with some ras crystals in KBr was equally 
unsuccessful. 

In view of the fact that a singlet remained after quick 
heating it does not seem likely that the paramagnetic centers 
induced by mechanical stressing are due to a Single species, 
but rather, the three lines are due to the interaction of 
various surface adsorbed species and surface defects in ZnO. 
At room temperature, desorption of these adsorbed gasses does 
not readily occur. Whereas at high temperatures prolonged 
heating provides sufficient energy to restore the defects 
and heating at 375°K allows some of the surface adsorbed 
gasses to be desorbed, the quick heating probably causes 
desorption of certain adsorbed species leaving a single less 
readily desorbed species behind to interact with the surface 
defects. The shift in g-value for this singlet further sug- 
gests that the three lines are not a triplet associated with 
a single "om 

In indium doped ZnO the availability of electrons for 
capture by surface adsorbed species would be greater than 
for the undoped material. This would shift the equilibrium 
St adsorbed species and атсер һе келагіуе intensities of 


the three lines. 


Ш. ЕРЕ ОЕ 4nO-In 
The EPR spectrum of indium doped ZnO is a Single, slight- 


ly anisotropic line @ g=1.957 (figure 13). The anisotropy 
49 
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was independent of the dopant concentration, temperature and 
pressure. The most significant changes which occurred, de- 
pending on the dopant concentration, temperature, and the 
pressure, were the line width and g-value. 

In order to clarify what is meant by certain terms, the 
following definitions will be used: 

M = first moment (APPENDIX B) 


M* = first moment corrected for change in 
spectrometer cavity Q 


T = intensity, calculated assuming 2 
Lorentzian line shape; (line width) X 
(line height) 


I* s intensity corrected for change in 
spectrometer cavity OQ 

h = line height; peak to peak perpendicular 
distance of the first derivative 

w = line width; first derivative peak to 


peak width in Gauss 
Corrections for change in cavity Q were obtained by com- 
parison with a standard, assuming that, as in the case of 
БОРИО Н 


O, M T is a constant [20]. 


4 2 CuSO, 
EPR spectra were obtained of vapor grown ZnO-In samples 
for which the indium concentration had been determined, and 
the results are tabulated in Table II. Since these samples 
were prepared at 1100°C and quenched, supersaturation of In 
in ZnO should result [3]. When a 0.01 mole precent In in 
ZnO sample was prepared in this way, the EPR spectrum was a 
Single line with a line width of 14.96 gauss, g=1.9580 and 
Spin density of sx1012 spins/mole (sample B10). А second 


sample was prepared in the same way except that upon comple- 


Ponto Vapor Growth the crystals were left in the? furnace 
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and the furnace turned off to cool to room temperature over 
a period of about 24 hours. These annealed crystals gave an 
EPR spectrum of a single D but the line width was nar- 
rower, (w-7.70 gauss) and the g-value and spin density lower 


(4=1.9570, spin О 


spins/mole for sample B12). 
The appearance of the crystals in sample B10 was blue with 
some yellow, whereas sample Bl2 was uniformly light blue. 
This is to be expected since the diffusion of indium out of 
the crystal can occur under annealing conditions but when 
quenched the crystal is supersaturated with indium [3]. This 
may further be substantiated with reference to the color con- 
dition which was similar to that observed by Kasper [25]. 
Conductivity measurement on small single crystals of B10 
уіе1аеа р=2. 4+0. 50см. Similar measurements on В12 were not 
reproducible but showed generally higher resistivity. 

The microwave skin depth is not a limiting factor in 
these and other spin density measurements. Since for crys- 
tals with resistivity of 12cm, the e skin depth at 
lO0GHz is 0.5 mm, with crystal diameters generally less than 
ШИТ Капа езд у тез оп ihe ordes Of ссп, it is expected 
that the етек оп of the microwaves is not inhibited. In 
addition, only slight anisotropy was observed for the EPR 
апата ое ОБ 277 288 

When polycrystalline ZnO was outgassed at high temperature 
and maintained under vacuum, the intensity of the EPR line 
@ g=1.96 increased; this was attributed to electrons being 


Кесел Опе ¿nO by desorption ef O, or О species 
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Arbitrary Units Line Width 


Temp °K М. ттт I*,nO-In* w (gauss) 
95 2 2 5. 50 
123 4.0 2.0 6 N7 
145 5.1 2.5 7.00 
туч! RI SS 82.007 
198 Dn 3.5 3217 
224 6.3 4.3 10.00 
ET 133 36 9739 
273 GIO 6.2 ша а 
294 7.1 4.0 122267 
Table III 
Sample 6E at p=760 mm Hg 
Arbitrary Units Line Width 
° = * 

Temp ?K g-value 1 ZnO-Inl w (gauss) 
118 195783 1.0 3230 
151 1295173 ад 4.07 
179 1. 95.78 pr 5: 027 
206 1.0572 2.9 Блай 
228 793572 4.1 8.20 
239 1109572 5.6 8.20 
259 795.75 4.1 8.14 
273 19573 ‚ 6.6 9.24 
296 | 1.9574 Es 6.93 


Table IV 


Sample 6D at p=760 mm Hg 
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[5, 8, 10, 19]. When indium doped 2nO was similarly outgassed 
at 937*N and one Torr for at least two hours no measurable 
intensity change occurred when the EPR spectrum was obtained 
ат room temperature. 

In the single crystal indium doped ZnO conductivity work 

done by Bogner and Mollwo [24], the conductivity of the crys- 
tals was proportional to the indium concentration to about 
0.2 mole percent indium. Above this concentration the con- 
ductivity was a constant (figure 14). ТЕ the spin density is 
proportional to the number of electrons in the conduction 
band it is then proportional to the conductivity. However, 
a plot of spin density versus dopant concentration (figure 15) 
does not show linear correlation with the curve in figure 14. 
Although there is scatter in the data, a one-third dependance 
is evident. 

In his work on powdered ZnO, Sancier [20] found that 
when under vacuum Мот was not a constant but rather  in- 
creased with temperature. In that study, Zno was pretreated 
by outgassing at high temperature under vacuum, sealed off, 
and EPR measurements made from @ 90°K-500°K. With this tem- 
perature eene E in mind, In doped ZnO samples (6D and 
6E) were investigated at varying temperatures. The results 
are given in Tables III and IV. The sampies were at atmos- 
-5H,0 was used as a standard to 


4 2 


correct for cavity Q changes due to changes in the sample 


pheric pressure and CuSO 


conductivity [20]. Under these conditions the behavior of 


oM T (figure 16) and I* T (figure 17) for 


ZnO-In 4n0- In 
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sample 6E was qualitatively the same as Sancier [20] had 
observed for his undoped samples. The scatter in I*,nO-Inl' 
however, puts this method of obtaining the intensity [5] in 
Sone ЯӘНБЕЕ e PLOC £igurez188Bror I*,n0-Inl of sample 
6D does not show the same curvature as sample 6E but the 
increase with temperature is still evident. 

The data for sample 6D.under vacuum from low and high 
temperature measurements are tabulated in Tables V and VI, 
respectively. The range in M*T with temperature for the 
low temperature range is not as great as when the sample was 
at atmospheric pressure (cf figure 16 and figure 19), and 
similarly, the line narrowing was not as marked (figure 20). 
The last two entries in Table V are of interest because a 
marked decrease in line width occurred when air was admitted 
to the sample tube. The line height on the other hand in- 
creased such that the spin density of the sample remained 
the same within experimental error. 

Pn thes high gemperakuresmqegion wehe results are not las 
clear. As the temperature was increased vibrations from the 
dung system were more noticeable and at the higher tem- 
peratures, interfered markedly. In general, the noise in 
the system when the temperature was above 370°K was such as 
to cast some doubt on that data. The trend toward broader 
lines, however, remained as the temperature was increased. 

Sincemagaplot or M*TEMfor ¿n0 (M'5] anda similar plot for 


indium doped ZnO do not yield a straight line with zero slope 


the electrons giving rise to the EPR spectra are not localized 
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Arbitrary Units Line Width 


Temp °K g-value M*, nO-In. w (Gauss) 
96 5 3 7.48 
104 = T 7.60 
168 == 5 8.00 
T97 1.9574 1.5 8.10 
229 == 152 2225 
260 1.9981 S9 9.56 
298 1. 5577 ДЕТЕ LO. 77 
298 (Note 1) В. 9575 - 9 45 
96 (Note 2) 1.9575 (250, В БИ 
Note l: at atmospheric pressure. 


Note 2: this point obtained with the sample at 
atmospheric pressure following the 
previous vacuum treatment. 


Table V 


Sample 6D - Under Vacuum € по Torr 


Arbitrary Units Line Width 
Temp °K g-value I*,no-Inl w (Gauss) 
298 (Note 1) 13583 Ше ӨЗІН 
298 179577 Ша и. ла 
SS 1.9578 т.о 10.81 
349 19579 2] 22851 
S71 1.9580 eS 12.00 
400 1095912020005 252 03 245 
429 1295822020005 - 12.34 
471 1505823020005 4.3 16.59 
523 1.9585+0.0005 3.2 15.48 
298 (Note 2) №95 70-0. 9006 Te 10:58 
298 (Note 3) 1.9569+0.0005 - 905 
Note 1: sample at atmospheric pressure. 
Note 2: sample was heated to 837°K in vacuum and 
cooled in air to room temperature under 
vacuum. 
Note 3: sample is the same as in Note 2 but at 
760 mm Hg air. 
Table VI 


Sample 6D - Under Vacuum @ im Torr 
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and non-interacting. If the electrons are conduction elec- 
trons, M* should be a constant with temperature. Therefore, 
cannot reasonably be assumed from observation of the M* 
vs. T curve for indium doped ZnO (figure 21) that the elec- 
trons are in a conduction band. Furthermore, when ZnO was 
irradiated with ultraviolet light, the failure to observe 
changes in the EPR spectrometer cavity Q led Mookherji [17] 
to conclude that the electrons responsible for the UV induced 
resonance existed in a donor band. In the same study he also 
observed an increase of line width of the UV induced signal 
with temperature similar to the dependence seen in figure 22 
for indium doped ZnO at atmospheric pressure. And since the 
donor band in donor doped ZnO lies just below the conduction 
band [1] the availability of electrons to adsorbed species 

at the surface may still be accounted for. 

Muller and Schneider [1] state that when there is suffi- 
cient overlap of the essentially s-character donor band wave 
functions, the hyperfine structure in the EPR spectrum of 
indium doped ZnO will not be observed. The onset for suffi- 
cient overlap to occur was estimated to be about an order of 
magnitude below the concentration of indium in the vapor 
grown ZnO in this study. As the concentration of donors in- 
creases, the donor band broadens until the indium donor band 
wave functions overlap the ZnO conduction band wave functions 
SO as to become indistinguishable. The estimate of Muller 
et al [1] is that for ZnO-In this will occur @ ох1012 donor 
atoms per mole. A plot of spins per mole, assuming one elec- 
tron per atom yields the dotted line shown in figure 15. 
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As the concentration of indium in ZnO increases, the 
donors get closer to each other and spin pairing may occur. 
Since the EPR signal intensity is proportional to the num- 
ber of unpaired electrons the spin density would be expected 
to decrease relative to the donor concentration. Thus the 
observed behavior of spin density in figure 15 would not be, 
as suggested by the slope, a one-third dependence, but rather 
represent a more complex relationship to concentration. 

Since, according to the Elliot relaxation mechanism [28] 
it is expected that conduction band electron EPR line width 
will be narrower than for donor band electrons, the trend 
toward broader lines with increasing dopant concentration 
(figure 22) does not support assignment to the conduction 
band. The behavior of the g-value in this respect is not 
explained (figure 23). 

As the dopant concentration in indium doped zinc oxide 
increases so does the line width of the EPR signal (figure 
22). This same trend is evident in the increase of g-value 
with dopant concentration (figure 23). These effects may be 
que either to changes in the equilibrium of adsorbed species 
er crystalline lattice changes due to the larger indium ions. 
Since the materials studied here are of significantly less 
surface area than those studied by Sancier it would not be 
expected that such large changes in the EPR spectrum could 
be entirely due to the surface adsorbed species. And yet, 
the observation that the increase in spin density with tem- 


perature for samples under vacuum is much less than for those 
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at atmospheric pressure (figures 16 and 19) leads to the con- 
clusion that the surface adsorbed species must play a signifi- 
cant role The behavicr of the line width of the signal at 
gs 57 Further amplifies this (figure 22), The first and 
last entries in Table V and a comparison of the temperature 
dependence of line width under vacuum and at atmospheric 
pressure indicate that the surface adsorbed species play a 
strong role in the relaxations, but that the spin density of 
the sample is not effected. 

The line € g=1.96 for undoped ZnO has been resolved by 
other researchers into two lines at low temperature and under 
vacuum. These lines have been variously attributed to zn”, 
05, O and exyoen Jon vacancies [2; 5, 15, 18, 28]. 9 However, 
under no circumstances did the line 8 g-1.957 for indium doped 
ZnO appear to be more than a single line. The suggestion that 
the scatter in g-value for this line is due to the relative 
magnitudes of two lines is not warranted, and,. therefore, the 
change in g must be considered to be a real effect due to 
the dopant concentration. 

The observation of two lines in ZnO by other workers led 
to RES prepare vapor grown ZnO which would be either 
zinc rich or oxygen rich. These samples were prepared as de- 
Scribed earlier and their EPR spectra obtained at room tem- 
perature and atmospheric pressure. The spectra were weak 
showing a single line with g-values as listed in Table VII. 


Further attempts to resolve these lines were not made. 
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Table VII 


Sample H,70, Flow Ratio CFH g-value 
13A Zn Rich 0. 250: 0 15 9581 
2B Stoichiometric ШТО. 25 129581 
4B 02 Rich QU. 2O EEO. 30 ДО БИ 
7B O, Rich 0. 25T EO. 35 1.9581 


Е. CONTAMINATION 

ТЕ was of interest that after outgassing one of the 
samples, a line in the EPR spectrum appeared which was not 
apparent before the treatment. The line had a narrow, in- 
tense Lorentzian line shape with a g-value near that of the 
free electron. Using the apparatus shown in figure 5, it 
was possible to bleed gasses into the sample tube while in 
the spectrometer cavity and then re-evacuate. With this set- 
up, a strip-chart recorder, and using a fast field scan over 
25 gauss, it was found that this signal disappeared immedi- 
ately when the pressure on the sample cavity was raised to 
= 400 Torr with either N, Or 0,» Re-evacuation of the sample 
tube (which took less than 5 seconds) immediately restored 
the signal to its original intensity. Based on the behavior 
of the signal found in this study, the line was assigned to 
carbon contamination from the vacuum system. This line has 
a g-value of 2.0028:0.0001. This assignment is substantiated 
by Miller et al [29] who state that under the same conditions 


of heat and vacuum a similar line has been observed in other 
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metal oxide EPR spectra. The signal was assigned to small 
amounts of carbon from the vacuum system which adsorbs on 
the oxide surface. ATT to O» caused the signal to be 
undetectable but was restored reversibly when re-evacuated. 
Another source of contamination was found to be due to 
Fe40, having a broad (w-2000-3000G) ferro magnetic resonance 
which caused some difficulty with other EPR signal base line 
determinations. The source of the Fe40, was some of the 
sample handling equipment (i.e., pellet press, furnace rod, 
etc.). In future work it would be well to guard against such 


contamination. 


F. A PROPOSED MODEL FOR SPIN PAIRING 

If electron pairing occurs the number of unpaired electrons 
observed will be determined by Fermi-Dirac statistics. Тһе 
density of states profile will be determined by the energy 
levels of randomly positioned interacting indium ions in the 
lattice. It is assumed here that the density of states is a 
constant over ee ocr of the donor band. Letting the 
number of electrons with spin up be N, and with spin Gown be 


N then in a magnetic field, 
AE 


er 


+ ЛЕ o li te 


ЧЕ. 


аут е/ит 39 Уор (2) 


where AE is the band width, u is determined such that N *N,-N 


апа gßH is the energy separation of the two spin states 
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of a non-interacting electron in a magnetic field. Utilizing 


standard integrals equation (1) yields: 


АМО БН 
не в ае “рле e PP yr). (2) 
+ M T 


The parameter yu is determined from equation (1). 


Ее 


c 


-AE/ кт) (3) 


The number of unpaired electrons observed will be N_N, 


which from equation  (2)is: 


= – ги +а ВН 
N -N ZEN йй lte^.e 2КТ 
x 


- + 
= -2u-gßH 
1+е -e 2kT 


с) 


ееси = =. 


Substituting equation (3) into equation (4) and defining 
y = gee yields 
KT x/2 y/ 


Bs (5) 
‘ с жс 


~ 


From equation (5) as AE ——- O the expression simplifies 
to 
N -N, - N gH 


2kT 


which would be expected for non-interacting electrons. In 


(6) 


the upper limit where AE >> kT equation (5) becomes: 


N_-N, = NgBE 
AE 


which is in agreement with classical theory for electrons in 


£15) 


a band [43]. 
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SUMMARY AND CONCLUSION 


Zinc oxide can be doped with ES using the vapor trans- 
port method of crystal growth, and the doping level can be 
somewhat controlled by mixing the starting materials in the 
concentrations desired in the crystalline product. In this 
method the morphology of the crystals is dependent on the 
total gas flow rate, reducing and а gas flow ratios, 
temperature, and doping level. 

When zinc oxide is mechanically stressed, three lines 
at g=2.01 appear in the EPR spectrum. This spectrum can also 
be induced in damaged indium doped ZnO but the relative inten- 
stes of the lines are altered and the signals are much 
weaker. This behavior is not understood. Observation of 
the three lines in ZnO indicates that the signals are due 
to more than one species which interact with paramagnetic 
centers induced in the surface of the oxide due to the stress 
condition, 

The EPR spectrum of indium doped ZnO is a single slightly 
anisotropic line @ g=1.957, with line width and g-value 
which increases as the indium concentration is increased. Іп 
general, the g-value was independent of temperature and 
pressure. The line width, however, decreases with temper- 
ature with greater narrowing occurring when at atmospheric 


pressure than when under vacuum. 
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Ines temperatuürezdependenege2of M’T for indium doped ZNO 
shows an increasing number of paramagnetic centers with in- 
creasing temperature, whereas M* decreased. Spin density 
measurements on indium doped ZnO over three decades of in- 
dium concentration did not have a one-to-one correspondence. 
This dependence does not have a linear correlation with the 
conductivity dependence on concentration wif indium doped 
Single crystals of ZnO. The observed behavior is attributed 
to spin pairing of the donor electrons. These observations 
are not consistent with the expected behavior of conduction 
electrons, and therefore, the electrons which give rise to 
the EPR signal at 1.957 in indium doped ZnO are thought to 


Be in a shallow donor band. 
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APPENDIX A 


The summary of g-values attributed to zinc oxide and 
adsorbed species on zinc oxide in this Appendix are dia- 
grammatically displayed. The spacing of the lines is based 
on g for DPPH occurring at 2.0036 at a field of 3400 gauss. 


Each page covers a sweep width of 33.3 gauss. 
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SUBSTITUTIONAL IONS IN ZnO 


2по-са?? 


Zo 


ZnO-Fe?* 


ZnO-Fe^* 


ZnO-I 


ZnO-Yb^* 


(Substitutional) 


interstitial) 


Zno-v>* 


Zno-v?* 


ZnO-Pb?* 


ZnO-Sn 


91<1.987+0.002 
g, =1.978+0.002 


4,-2.2500%0.0001 
9, =4.5536+0.0001 


g,=2.0056+0.0001 
42-2.0041%0.0002 


а=2.0058 
= 2.01 
g=2.0012 
Gal 29655 


g,=1.311+0.001 
а, =4.42130.001 


а = 612 0. 002 
д =2.390+0.003 


gi =1.945:+0,001 
g, =1.93740.002 


Yu=l. 9451+0. 0005 
а, =1.9328+0. 0005 


д=2.013+0. 0002 


g1=1.9877+0.0002 
g, =1.9868+0.0001 
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APPENDIX B 


FIRST MOMENT COMPUTATION 
If the EPR absorption is Lorentzian the line shape has 
the analytical form 


T» 1 


g (w) M m 


1 + T?(5-09)? 
2 


where т. is the spin-spin (or transverse) relaxation and op 
is the center frequency (figure 24) [42]. The EPR spectrum 


of this absorption is recorded as the first derivative 


(figure 25). In general, the Lorentzian line shape has the 
form 
f (x) = _— Í 
1 + тх (B-1) 


where Xx-u-og and L 
The first derivative is 
DS 
£^(x) s oR | (B-2) 
(1+т2х2)? 
In order to find the integrated intensity of the absorp- 


tion f(x) must be integrated from -» to +», 


А = | Еа (B-3) 
This integral may be TREO by taking the first moment of 
the first derivative which can be shown to be equivalent to 
equation (B-3). 


А = -| ах (В-4) 
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Integration by parts yields: 


po tr Zu Ta | вах (В-5) 


Taking the limit as x -o Of the first part of the right 





hand expression yields 


limit 
x— со 


{xf (x)} ———о 
Hence equation (B-4) is equivalent to equation (Hcc 

A first moment computation using numerical methods can 
then be made point by point out to infinity in the plus and 
minus directions, and providing the procedure is carried 
out to completion no error should result. It would, however, 
be impractical to perform such an integration to the limits 
CS It, Ome the other hand zthe limits of integration 
were chosen such that only nine or ten times the peak to 
peak width of the first derivative curve were included, sub- 
stantial error results. A correction for this error must be 


made. Choosing +d as the limits of integration equation 


(B-5) becomes 


8 E 
AE AS ж >) | а + J Е (х) ах 
= = 
F(a) = 21} + «ап та - — (B-6) 
T, 1+т2а2. 


When equation (B-5) is evaluated the first part of the right 
hand expression is zero and since 
— 1 
-1/3 < tan X <т/. for -e«x«o 


the resulting equation is 
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T -1 со 
А = Е(о) = ап T,X 
T, 2 — со 
Е (е) = Т1 (В-7) 
T 


2 


The fraction of the total area under the Lorentz line 
shape obtained by choosing d as the limits of integration 


is then 
F (d) = | 


Е (о) T 





2tan !T,d - 2mT,d (B-8) 
2.62 
TTE 
From this relationship and knowing F (d) from point by point 


evaluation, d and T», Е(») сап Бе determined. 


F (d) 


muy —- Tod 
ВАХ tan ma == 2 » 
Т 

1+т5а 


in order to Mina D the maximum o£ the first derivative 


F (0) - (в-9) 


must be determined. Taking the second derivative, setting it 
equal to zero and solving for T, yields: 


T, = + + (B-10) 


Уз к 
m 


where X Q4 “an be taken off the EPR spectrum (figure 25). 


ax 


Another parameter which is easily obtained from the EPR 


Spectrum is £^ (X. ase) (Figure 25). Evaluating the first 


derivative at x gives 


ax з з 


G C = . IT, 





(B-11) 
Having evaluated F(d) from the EPR trace, and calculated 
Pe, which as based on an estimate of T, a better value of 


Т, can be obtained by equation (B-12) 
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P (e) л, 


Solving for T, yields 


ER el " 

Using спе затое оғ Шұ derived) from есшасшор (Б-12) а” пеу 
value of F(») from equation (B-9) can be calculated and then 
ос звес та] пегоцит and SG GN until a sel consistenti RITE 
ОТЕ iS obtained. 

In the above discussion it was assumed that the absorp- 
tion was Lorentzian. Therefore, regardless of the limits of 
integration, d, for which F(d) is obtained an accurate value 
ОЁ Е (ә) is possible. For example, if in figure 25 F(d,) is 
evaluated and subsequently F (ə), the same result must obtain 
if F(d,) is evaluated and then Е (~) calculated. In addition, 
the line width parameter T, must be the same in both cases 
if the absorption is truly Lorentzian. Conversely, if there 
is significant deviation in To Proms O CGE Fd, ECCT 
Т› will be a measure of the deviation of the experimental 
EPR line гени the truly Lorentz line shape. 

An example using this method to find the integrated in- 
tensity of the EPR spectrum of CusO, * 5E40 gave values for 
ES) which varied T73 Ben in 120 or about one percent, 
when integration limits from one to eight units were used 
(figure 26). The corresponding values of T, are plotted in 


figure 27. The consistent value of F(») and small deviation 
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a eme dende to MN Lorentz пеш арх Іп general, con- 
sistent results are obtained when the first integration limit, 
ds, used to evaluate F(=) is such that at least one half line 
width is exceeded (i.e., арте” | and, since the size of 
d4 iG arbitrary It is _a COO rule when evaluating the first 
moment to choose increments in d such that at least one or 
two points of f° (x) are used before Ltd is reached. 

For a symmetric line shape, exactly half of the area is 
one one side of the center. ТЕ should be possible, if the 
base line is accurately known, to evaluate F(d) from O to d 
and double the value to shorten the procedure. But the 
stipulation of an accurate base line is in practice not 
always easy to meet, particularly if there is even a small 
overlap from some other line in the EPR spectrum. To re- 
duce this error a point by point first moment should be eval- 


uated on both sides of the first derivative curve and added. 
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EPR spectrum of In404 


g=1.8822+0.0008 
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